Introduction
The directed movement of cells in response to attractive and repulsive chemical cues is essential for correct development of multicellular organisms and the survival of microorganisms (1). Extracellular chemoattractants bind to G protein-coupled receptors that, in turn, transmit signals to the actomyosin cytoskeleton that generates biased motility (2). The intracellular signals that regulate and coordinate these processes are beginning to be understood but the full pathway from the receptor to the cytoskeleton remains to be elucidated.
Dictyostelium has proven to be an invaluable model organism for investigating the molecular basis of chemotaxis. Many, if not all, of the components of the signalling cascade are shared with those found in mammalian cells and the motile response of the cell is indistinguishable from that of a leukocyte (1,2). Stereotypical transient morphological and cytoskeletal changes rapidly occur in Dictyostelium amoebae following cAMP stimulation (3) . Within the first 20 sec the cell rounds up or "cringes" (4) . The cell then actively extends pseudopodia in random directions 60 sec following stimulation. Finally, by 90 -120 sec, the cell becomes repolarized and moves in the direction of the stimulus (5). These morphological changes are accompanied by alterations in the levels of F-actin and the phosphorylation state of the myosin II heavy chain. Concomitant with the cringe (0 -20 s) is an increase in total F-actin (with a peak at 10 sec) (5). This is followed by an increase in the level of myosin II heavy chain by guest on http://www.jbc.org/
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Gliksman et al. 4 phosphorylation (that promotes depolymerization of myosin II thick filaments (6)), with a peak of phosphorylation at 30 -40 sec (7, 8) . Myosin II is also translocated to the cortex, where it is thought to become more accessible to the heavy chain kinase (9, 10) , as well as the actin cross-linking protein, ABP-120 (11) . The cortical F-actin levels then increase again, with a second peak at 60 sec, coincident with active pseudopod extension (5) . This sequence of molecular and morphological events provides a fundamental framework for understanding how chemotactic stimulation results in directed cell migration.
A key process in the chemotactic response is the orderly extension of pseudopodia and work in Dictyostelium has revealed that class I myosins play an important role in regulating their function (12) (13) (14) . The class I myosins are ubiquitous, they are expressed in organisms ranging from yeast to man (15) . They all share a conserved motor domain, a light chain binding domain, and a tail region that contains a polybasic region that directly binds to membranes via electrostatic interactions and also to actin (15) (16) (17) . The amoeboid subclass of myosin Is have two additional domains in their tails.
The first is a region rich in the amino acids glycine, serine, and alanine (or glutamate or serine) that also constitutes an ATP-insensitive actin binding site, and the second is a src homology 3 (SH3) domain, a known protein-protein interaction domain (18) . The in vitro activity of the class I myosins from lower eukaryotes requires phosphorylation of a single serine or threonine residue in the motor domain (referred to as the TEDS rule by guest on http://www.jbc.org/
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site; (18, 19) by a G-protein regulated myosin I heavy chain kinase (MIHCK) that is a member of the PAK family of kinases (20, 21) .
Several of the Dictyostelium class I myosins play a role in motility (12, 13, 22) . Two of these myosins, myoA and myoB, have been shown to regulate the number, timing, and placement of pseudopodia (12) (13) (14) . Consistent with its role in motility, myoB has been shown to be localized to the leading edge of chemotactic cells (23) , and its level of expression is significantly increased during aggregation (i.e. when Dictyostelium cells become highly chemotactic) (24) . The activity of the amoeboid myosin Is is likely to be strictly regulated in vivo by heavy chain phosphorylation. This has been demonstrated by the finding that mutation of the TEDS rule site at residue 332 from serine to alanine renders this motor inactive in vivo (25) (26) (27) (28) . Understanding the basis of myosin I functions in vivo requires the identification of the signals and conditions that change its phosphorylation state. While recent progress has been made in the identification and characterization of MIHCKs in both Acanthamoeba and Dictyostelium, virtually nothing is known about the kinase that acts on Dictyostelium myoB, an important regulator of pseudopod formation in Dictyostelium (12, 20, 21, 29, 30) . The ability to synchronize populations of Dictyostelium during chemotactic stimulation was, therefore, exploited to directly examine changes in the levels of myoB heavy chain phosphorylation in vivo to determine if increased myoB activity is correlated with active pseudopod extension. Phosphorylation reactions were stopped by adding lysis buffer without SDS and heating at 100˚C for 3 min. The samples were then cooled and the myoB heavy chain was immunoprecipitated as described above. SDS-PAGE samples were applied to a 6% gel, transferred to PVDF membrane, and subjected to autoradiography and immunodetection.
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Results
The phosphorylation state of a protein of interest in vivo can be determined by immunprecipitation from labelled cell lysates. This method also allows one to test for various cellular conditions that could alter the protein's phosphorylation state. A specific rabbit polyclonal antibody generated against a denatured Dictyostelium myoB tail fusion protein (31) was tested for its ability to immunoprecipitate myoB from a cell extract. Because the myoB heavy chain is not a highly abundant protein, cells were removed from nutrient media and starved for 4 hr to increase endogenous levels (24).
The cells were labelled with 35 S amino acids and aliquots lysed with detergent, boiled, and incubated with the antibody of interest. The antibody-antigen complex was then isolated using Protein-A Sepharose beads. Following electrophoresis of the samples and autoradiography of the dried gel, a single band at ≈125 kD is observed in immunoprecipitates with the myoB antibody but not when the preimmune sera is used (Fig. 1A, lanes 1 and 2) . An antibody that recognizes the myosin II heavy chain was used as a control for the immunoprecipitation method (8) and it was found to precipitate the expected 240 kD band (Fig 1A, lane 3) .
The amoeboid myosin Is are phosphorylated in vitro by a specific MIHCK (29, 36) and the TEDS rule serine is essential for in vivo function of the lower eukaryotic myosin
Is (25) (26) (27) (28) . Consistent with these findings, it was predicted that the Dictyostelium myoB heavy chain would be phosphorylated in vivo. The in vivo phosphorylation of (Fig. 1C) . Little or no phosphorylation was detected in a sample that did not contain phosphatase inhibitors (Fig. 1C) .
The identity of the in vivo phosphorylated residue on the myoB heavy chain was determined by phosphoamino acid analysis. The phosphorylated myoB heavy chain was isolated following transfer to PVDF membrane and hydrolyzed by acid. The hydrolysate was then separated by high voltage one-dimensional electrophoresis at pH 1.9. The phosphoamino acid(s) were visualized by autoradiography and the position compared to known standards. Serine was the sole phosphoamino acid detected (Fig.   2 ). To determine if serine 332 (the TEDS rule site) was the site of phosphorylation, the S332A-myoB heavy chain was immunoprecipitated from cells labelled with 32 Porthophosphate. Following immunoprecipitation, autoradiography revealed that the S332A-myoB heavy chain was not phosphorylated whilst the control wild type myoB heavy chain was (Fig 3A) . Thus, the sole site of myoB heavy chain phosphorylation in vivo is serine 332, the TEDS rule site.
The Acanthamoeba and Dictyostelium MIHCKs contain a PXXP motif that has the potential to bind to SH3 domains (29, 38, 39) . The amoeboid myosin Is have Cterminal SH3 domains and deletion of the myoB SH3 domain renders this motor nonfunctional in vivo without altering the localization of this myosin (25, 27) . One explanation for the inactivity of the myoB/SH3 -heavy chain (a truncated myoB heavy chain that lacks the C-terminal SH3 domain) is that the kinase can not bind to the myosin I via its SH3 domain and phosphorylate the TEDS rule site in vivo. The in vivo phosphorylation of the myoB/SH3-heavy chain was examined to test this possibility.
Both the wild type and truncated myoB heavy chain are phosphorylated in vivo (Fig.   3B ). Therefore, loss of the SH3 domain does not affect the ability of the MIHCK to This indicates that the increased phosphorylation was not due to an intercellular increase in cAMP but is due to signalling via the cAMP receptor. The relative increase in the level of heavy chain phosphorylation was determined by normalizing the levels of phosphorylation to the amount of myoB in each sample in three independent experiments. The overall level of phosphorylation increased three-fold by 60 sec (Fig. 5) after which time it returned to resting levels.
Discussion
Chemotactic stimulation of Dictyostelium results in a significant increase in myoB heavy chain phosphorylation at the TEDS rule site (Fig. 3 -5 ). Higher levels of heavy chain phosphorylation most likely result in increased myosin I activity (18) . The observed peak of phosphorylation 60 sec (Fig. 5) , a time at which active pseudopod formation takes place, is consistent with a role for myoB in pseudopod formation and cell motility (12) . This work reveals that chemotactic signalling through the cAMP receptor results in increases in myosin I activity either by activating MIHCK or by making myosin I more available for phosphorylation.
Phosphorylation of myosin I heavy chains has been reported for Acanthamoeba and brush border myosin Is (40) (41) (42) (43) . Like Dictyostelium myosin Is, the Acanthamoeba myosin Is are regulated by phosphorylation at the TEDS rule site (18).
Immunoelectron microscopy using antibodies specific for the phosphorylated forms of A single MIHCK has been identified Dictyostelium (21, 29) . It is highly homologous to the Acanthamoeba MIHCK and is a member of the PAK family of small G-protein regulated kinases (21, 30) . The MIHCKs are activated by the non-Dictyostelium small G-proteins Cdc42 and Rac1, autophosphorylation, and acidic phospholipids (20, 44) .
The Dictyostelium G-protein that activates MIHCK in vivo or the exchange and activating factors that act upon it have not yet been identified. However, a number of small G proteins are expressed in aggregation-competent cells and it will be of interest to determine which plays a role in the activation of MIHCK and the signalling pathways that activate it.
The purified Dictyostelium MIHCK does not appear to be capable of phosphorylating the myoB heavy chain (29) . Instead, it can phosphorylate the closely related myoD heavy chain (29), a myosin I not known to play a major role in cell motility based on mutant analyses (45) . Further underscoring the physiological distinction between myoB and myoD, the overall levels of the myoB heavy chain increase significantly during development (up to 7 fold 8.75 hr after the onset of development) but those of the myoD heavy chain remain unchanged (24) . It is, therefore, quite likely that the myoB heavy chain is phosphorylated by a distinct MIHCK, perhaps one that is 
